Abstract The performance of an anaerobic mesophilic packed bed reactor, with a mixture of GAC and tezontle, followed by an aerobic suspended growth system was studied for the treatment of organic chemical wastewater with a high COD concentration (22 -29 g/L). The testing of the anaerobic-aerobic system was conducted in an experimental set-up for almost 2.5 years. Different operational conditions were evaluated. The anaerobic reactor showed performance stability and COD removals higher than 80% were obtained with loads up to 16.6 kg.m
Introduction
The organic chemical industry's plants in Mexico are usually small sized. They generate small quantities of wastewater, which are however highly polluted. In addition, they are usually located far from centralized wastewater treatment facilities and on-site effluent treatment is required. Such was the case of an organic synthesis plant for fragrances and savor products with a wastewater flow of almost 25 m 3 /d. The wastewater had a complex composition and high concentration of organic matter, average of 25,540 mg/L of COD. The aim was to develop a suitable system for the wastewater treatment, reaching the discharge requirements of 200 mgCOD/L. Preliminary studies indicated that both aerobic and anaerobic biodegradation with suspended growth biomass can be used for the treatment of this effluent (Nacheva et al., 2002) , however the anaerobic system alone did not allow the accomplishment of the discharge limits. Because of the low TSS concentration and because of the presence of VOCs in the wastewater, anaerobic biofilters with granulated activated carbon (GAC) and with tezontle (volcanic porous stone widely available in Mexico) were also tested (Nacheva et al., 2003) . GAC-reactors showed high effectiveness and stability, in concordance with the reported advantages of using GAC as biofilm attachment media for treatment of toxic or inhibitory wastewater (Suidan et al., 1993; Kupferle et al., 1995; Monteleb et al., 2001) . The tezontle was also shown to be a good packed bed media, but process effectiveness and stability were lower. Additional treatment was needed to reach the limits for discharge at economically reasonable organic loads in both cases. Thus a combination of anaerobic-aerobic treatment was presented, considering the successful use and the economical benefits of this system reported for many industrial effluents (Van Lier et al., 2001; Cruz and Buitrón, 2001; Kalyuzhnyi et al., 2003) . The objective of this study was to determine the capacity of a combined system of an anaerobic mesophilic packed bed reactor, with a mixture of GAC and tezontle, followed by aerobic suspended growth bioreactor for the treatment of the organic synthesis effluent, allowing in this way a compact highly effective treatment plant.
Methods Experimental set-up
The experimental set-up consisted of one anaerobic packed bed reactor, followed by an aerobic activated sludge system. Figure 1 shows the diagram of the experimental set-up.
The anaerobic reactor was a jacketed acrylic column (10.3 cm diameter and 1.60 m high) with an effective volume of 10 L. Hot water was recycled through the jacket, which kept the reactor temperature at 358C. Packed media, used in the anaerobic reactor, consisted of 50% mineral GAC (Clarimex CAGR 8 £ 30) and 50% red tezontle. Both materials, GAC and ground tezontle were separately sieved and the fraction with a grain size of 2.00 -2.38 mm was selected. The GAC apparent density was 0.439 t/m 3 and that of tezontle was 0.472 t/m 3 . Bed media voidage of the mixture was 49.7% and bed pore volume was 1.1 ml/g. The anaerobic reactor was operated in up-flow mode, with recycling of 50% of the effluent. The biogas produced in the reactor was received in an inverted acrylic tube collector with alkaline solution. The aerobic reactor was also cylindrical but with a volume of 5 L. Air was provided using a porous air diffuser. The mixed liquor from the reactor was directed to an external settler with a volume of 1 L. The sludge recycling was 50%. The aerobic system was operated at ambient temperature.
Wastewater and nutrients
The wastewater under study resulted from an organic synthesis plant for fragrances and savor products. The effluent from the storage tank was used for feeding of the experimental reactors. During the study the COD concentration varied in the range of 22,120 -29,540 mg/L. Basic organic constituents were: alcohols, aldehydes, ketones and Figure 1 Schematic diagram of the experimental set-up for anaerobic -aerobic treatment: 1-influent; 2 -anaerobic packed bed reactor; 3-peristaltic pump; 4-recycle pump; 5 -heating water bath with thermostat; 6-hot water recycling pump; 7-gas collector; 8-controller of the effluent from the anaerobic reactor; 9-sampler; 10 -aerobic suspended growth reactor; 11 -settler of the aerobic system; 12 -aerobic effluent P. Mijaylova-Nacheva et al.
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amines. Some toxic organics were determined to be present, such as toluene (407-696 mg/L) and phenol (102 -172 mg/L). Nitrogen concentration was high (TKN of 950-1900 mg/L), most of it being organic nitrogen (640 -1370 mg/L). Phosphates ranged from 0.1 to 4.0 mg/L. Total suspended solids were between 150 and 180 mg/L. The pH was neutral and the conductivity was 1.3-2.2 mS/cm. Phosphorus and micronutrients were added during all the experimentation. The ratio COD:N:P was controlled to be 450:7:1. The addition of Fe, Ni, Co and Mo was made based on the following rates: 1, 0.15, 0.1 and 0.002 mg/gCOD respectively. The micronutrients Zn, Mn and Cu were added at 2, 0.7 and 0.3 mg/gCOD. Addition of Na, K, Ca and Mg was based on 5, 20, 13 and 10 mg/gCOD respectively.
Experimental procedures and analytical methods
Inoculation of the anaerobic reactor was done with sludge taken from an UASB reactor for domestic wastewater treatment. The inoculums were added to the experimental reactor together with the mixed support materials. .d
21
) to enhance the biofilm development. Gradual VOL increasing was carried out, evaluating the process performance, the biomass transformation and the biofilm development. During the start-up, dilution and yeast addition were progressively reduced and finally eliminated. The duration of the start up was almost 2 months. After this, the biofilter performance was studied over a wide range of organic loading conditions (Table 1 ). The aerobic system was connected after the stabilization of the anaerobic process. The inocula were taken from an activated sludge municipal treatment plant. They were submitted to acclimation to the anaerobic effluent applying low organic load (F/M), with a semi-continuous operation and using only 1 L of the reactor volume. The biomass was allowed to grow without sludge purges. During the next stages, the effective volume, the biomass concentration and F/M were gradually increased. The operational parameters for all experimental stages are indicated in Table 1 . The flow rate to the aerobic system (Q i aer ) was reduced to 50% of the flow rate to the anaerobic reactor (Q i an ) during stages 7 and 8, and to 20% of the Q i an during stage 9. This was done to avoid organic overloads in the aerobic system.
The COD concentrations were determined in the influent, in the anaerobic and in the aerobic effluents daily. Temperature, pH and biogas generation were also monitored in both reactors daily. Biogas composition was determined periodically by gas chromatography using a thermal conductivity detector. Volatile fatty acids (VFA) were controlled weekly based on alkalinity determination at pH of 4.3 and 5.75. Gas chromatography analysis for VFA, using a flame ionization detector, were performed periodically. SST and SSV in the effluent were determined once a week. The removals of TKN and of NH 4 -N were determined for each operational phase. Biomass quantification in the fixed bed was conducted at the end of each experimental phase. Samples of 30 -50 ml were taken from the middle of each column; they were first added to distilled water in order to remove unattached particles and then transferred to a salinity solution, where biomass was detached mechanically. Then VSS were determined in both solutions and the biomass was calculated as mg VSS per litre of liquid phase. The biomass in the aerobic reactor was determined weekly. All analytical measurements were done according to Standard Methods for Examination of Water and Wastewater (1998) . Micrographs of grains from the anaerobic reactor were done using a scanning electron microscope, JSM-6400 Noran.
P. Mijaylova-Nacheva et al. /kg COD rem after 56 days of operation (Figure 2) . The increases of the organic load produced process destabilizations which were less marked over time. The most sensible parameter was the biogas production which was affected at each load increase and 5-10 days were needed for its recovery. Methane content in the biogas was determined of 69% at day 55 from the startup. The alkalinity increased from 540 mg CaCO 3 /L to 1680 mg CaCO 3 /L and the pH from 6.9 to 7.5. The concentrations of the VFA were 50 -100 mg/L. Important changes in the biomass structure were observed during the start-up period. The inoculum's biograins were destroyed, CAG and tezontle grains were covered with a bio-film ( Figure 3 ) and some small not attached bioflocs were formed in the void spaces of the packed bed. A large proportion of thin flocks were going out of the reactor with the effluent, causing an increase of the effluent TSS from 114 mg/L (at the start-up) to 330 mg/L (day 45). Nevertheless the biomass quantity in the reactor increased from 1.75 kg/m 3 (at the start-up) to 2.53 kg/m 3 (day 60).
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Analysis of the process performance
During the first experimentation stage (days 63-182 from the start-up) the average VOL was 1.18 kgCOD.m 23 .d 21 in the anaerobic reactor. More than 98.5% COD removal was reached on day 150 and maintained until day 182. The biogas production increased to /kg COD rem , methane was 66 -68%. The average of the alkalinity was 1680 mg CaCO 3 /L and the pH was in the range 7.4-7.6. The concentrations of the VFA were between 168 and 214 mg/L. Biomass concentration in the reactor reached 5.58 kg/m 3 at day 180 from the start-up, the not attached VS being almost 30% of the total biomass in the biofilter. Biofilm was already dense and recovered completely the grain surfaces (Figure 4) . The TSS concentration in the effluent was 305 mg/L on average. The aerobic reactor was connected on day 126 from the start-up of the anaerobic biofilter, when the anaerobic process was already stable, with 91% COD removal and with high biogas production. The initial MLVSS was 1000 mg/L. The acclimation was relatively quick, effluent COD of 78 mg/L was obtained in one month of operation. The load increases done all through the experimentation did not affect significantly the process performance. Only slow efficiency reductions were observed, which have been overcome in 1 -3 days. The average COD removals per experimental stage are presented on Figure 5 , indicating as well the hydraulic residence time (HRT) applied in both systems. The remaining results that indicate the performance of the anaerobic packed bed reactor are summarized in Table 2 . Figure 6 shows the correlations between organic loads, removal efficiencies and effluent concentrations in the anaerobic reactor and in the aerobic system. As can be seen, the anaerobic -aerobic treatment system allowed COD removal efficiency higher than 98% during all the experimentation ( Figure 5 ). The increasing of the organic load caused efficiency reduction in the anaerobic reactor (Figure 6a) , which was successfully compensated by the aerobic system (Figures 5 and 6b) . The anaerobic reactor did not allow the accomplishment of the requirements for discharging the wastewater Figure 4 Photomicrographs of the biofilm attached to the grains of tezontle (a, b, c, d ) and on the GAC (e, f, g, h) on day 180 from the start-up Figure 5 Average removals of COD obtained in the anaerobic -aerobic treatment P. Mijaylova-Nacheva et al.
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(200 mg/L) even at the lowest organic loads (Figure 6a ). The connection of the aerobic system allowed the accomplishment until stage 7 (F/M of 0.33 kg.kg 21 .d 21 ). During the last two stages, despite the good performance of the aerobic system (94 -95% COD removal), the total removal decreased and COD concentrations higher than 200 mg/L were determined in the aerobic effluent ( Figure 6b ). Nitrogen removal is illustrated on Figure 7 . Most of the organic nitrogen was removed in the anaerobic reactor ( Figure 7a) ; the efficiencies varied between 86 and 94% with an average of 91%. Additional removal was obtained in the aerobic system (Figure 7b ), thus the average organic nitrogen removal in the anaerobic-aerobic system was 97.6%. Most of the NH 3 -N was removed in the aerobic system (average of 97%). Ammonia concentration in the anaerobic effluent was almost 60% higher than that in the raw wastewater due to the ammonia release during the biodegradation of nitrogenated organic compounds. The average ammonia removal for the anaerobic-aerobic system was almost 95%. The average TKN removal of the anaerobic-aerobic system was 97% (averages of 52% in the anaerobic reactor and 94% in the aerobic system). The average COD removal was 94%. During stage 7, the influent COD concentration was 50% higher, the same biomass concentration was maintained, the HRT was increased to 2.22 d to have the same F/M as in the previous stage. The removal increased, the average CODe was 121 mg/L. The anaerobic effluent had high COD concentrations during the last two stages, thus high organic loads were also tested in the aerobic system. The average removal efficiencies were 94 and 95% for stages 8 and 9 respectively. The biodegradation rates increased 2.2-2.6 times with respect to stages 5, 6 and 7, but the CODe rose, having averages of 332 and 448 mg/L for stages 8 and 9 respectively. The kinetic coefficients for the aerobic degradation were determined assuming a first order model and Monod relationship and considering the obtained data during the experimental stages 4 to 8: biodegradation rate coefficient (k) of 0.932 kg . Compared with the kinetic coefficients obtained in the aerobic treatment when used as first treatment of the wastewater (Nacheva et al., 2002) , the values determined in this study of k, K s and k d are lower (26, 49 and 64% respectively) . The value of Y, however, was double which means that the anaerobic pre-treatment reduced the inhibition of the aerobic biomass growth caused by the toxic compounds present in the wastewater and allowed operation at higher organic loads and shorter hydraulic and cell retention times.
Conclusions
The combined system of mesophilic anaerobic packed bed reactor, with a mixture of GAC and tezontle, followed by aerobic suspended growth biomass reactor is an effective technology for the treatment of the organic synthesis wastewaters with high COD, of 22-29 g/L, which contains xenobiotic compounds. The combined GAC-tezontle packed bed makes possible 3.7 times higher degradation rates compared with tezontle alone, allowing in this way a more compact and effective treatment plant. Removals of COD higher than 99.5% can be obtained operating the anaerobic bio-filter with VOL of 8-11 kg.m 
